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Abstract 
Residual stresses induced by machining can significantly affect distortions of thin-walled components in aerospace industries. Since finite 
element cutting models for entire parts are time-consuming and redundant, in this paper, a method is proposed to map residual stress profiles to 
complicated surfaces of the entire model. Transformation from the local coordinate system to the global coordinate system is considered. 
Elements at surface layers are assigned stress components according to their depths and directions. As a case study, an axisymmetric model of a 
dual-disc mapped with two kinds of typical turning-induced residual stress profiles, which are obtained by experiment measurements, is 
investigated.  The model operated efficiently due to a pretreatment work for the specific part. Simulation results show good agreement with the 
basic distortion magnitudes and linear superposition principles. Distortions are greatly subject to combinations of the stress profiles. Moreover, 
it is found that distortions can be reduced to several micrometers when opposite surfaces are mapped with the same profiles. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
In aerospace industries, thin-walled components with a 
high strength to weight ratio are widely used. Such 
components are required of high surface quality, surface 
integrity and low geometric tolerances. In some cases, 
tolerances are very tight, even on the order of micrometres. 
The reduction of the size and shape of deviations have 
become increasingly important. However, due to low stiffness, 
thin-walled components are easy to deform during cutting 
processes. Except for cutting force and clamping force, 
residual stresses in the surface region could also induce 
serious distortions after workpieces have been finished. 
Redistribution of machining-induced residual stresses after 
natural or artificial aging brings about potential distortions, 
which leads to an increase in scraped parts and cost of 
production.  
Increasing efforts have been given to discuss distortions 
caused by residual stresses. Experiments were carried out to 
investigate relations of cutting force, temperature, residual 
stress, shape of the workpiece and distortions of thin-walled 
rings in turning [1]. Qualitative conclusion indicates that 
when cutting force, temperature, residual stress increase and 
thickness of the workpiece decreases, the induced distortion 
would increase. Besides, an increase in machining force 
causes compressive residual stresses, while an increase in 
temperature leads to an augment in tensile residual stresses.  
Due to expensive cost of residual stress measurement, 
many researchers focused on model prediction to avoid the 
measurement process. The hybrid model [2], analytical model 
[3], and experimental method [4] were developed to predict 
distortions caused by residual stresses in milling rectangular 
workpiece. Jiang et al. [2] investigated a polynomial 
integrated function containing several cutting parameters 
related to residual stresses. Values of coefficients in the 
function were determined using finite element simulation tests 
and regression analysis method. A complete analytical model 
containing steps of orthogonal cutting, relax process and 
distortion was built by Fergani et al. [3], and a distortion 
function of the workpiece was given. Brinksmeier et al. [4] 
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performed a function of source forces, source stresses and 
deviations. Loads obtained from simple workpiece experiment 
were used to calculate shape deviation of a new workpiece by 
finite element simulation. However, these methods were 
obtained or deduced under the condition of milling 
rectangular workpieces. When workpieces have complicated 
surfaces, these methods cannot be applied.  
Residual stresses of the bulk were defined as initial 
conditions in ABAQUS SIGINI subroutine [5-7]. Rectangle 
plate model as a bulk with initial residual stresses was 
developed to simulate the distortion of a finished T-shape part 
[5]. This model focused on the residual stress distributions 
due to removal of material, without considering machining-
induced residual stresses. Huang et al. [6] used the technology 
of “element birth and death” to simulate the material 
removing milling-process on monolithic component with 
initial conditions. Finite Element (FE) model was established 
to predict distortion of a rolled plate with an initial rolling-
induced residual stress condition obtained from material 
removal measurement [7]. In these studies, the machined 
surfaces were simple, i.e. mostly planar faces. Thereby, 
residual stresses could be defined in SIGINI subroutine as a 
function of coordinates.  
Except for initial residual stress in the blank, machining-
induced residual stresses can be added to workpiece surface to 
calculate distortion. There are several reasons to map 
machining-induced residual stresses to workpiece surface. On 
the one hand, residual stress profiles obtained from 
experiment measurement methods and microscale cutting 
models are more convinced, because these methods consider 
thermal-mechanical coupling properties of cutting process. On 
the other hand, a cutting model for the entire workpiece is 
fairly time-consuming and redundant. However, residual 
stress profiles are generally given in the local coordinate 
system from the surface to some depth in the normal direction. 
In order to predict distortions of workpieces with complicated 
surfaces, datum transplantation and coordinate transformation 
from microscale residual stress profiles to macroscale FE 
models should be carried out. Afazov et al. [8] attempted to 
map the stress profiles obtained from a single shot-peening FE 
simulation to the surface of a perforated plate model. Only a 
static analysis was needed and this method was proved 
applicable for surfaces of arbitrary shapes.  The same method 
was implemented on axisymmetric FE models in turning [9], 
where the rotation matrix was used to transform stress data. 
Numerical analyses of mapped residual stresses on the 
influence of varied cutting velocities during face turning for a 
thin-walled disc were discussed in [10]. Similar mapping 
method was utilized in [11], where a FE facing model with 
deform 3D was performed to determine the effects of the feed 
and depth of cut on residual stresses, Then, full stress, strain 
and temperature fields were introduced in a multi-revolution 
machining model to study cyclic loading phenomena caused 
by successive revolutions. Studies above mainly focused on 
fatigue lives of components mapped with residual stress under 
special working conditions, while distortions caused by 
residual stress were not considered. 
The purpose of the present work is to predict distortions of 
the complicated thin-walled parts mapped with machining-
induced residual stresses. The rest of this paper is organized 
as follows. Section 2 details the method of mapping the 
residual stress profiles. In Section 3, to validate the proposed 
method, typical experimental residual stress profiles are 
mapped to a dual-disc part of AISI 4340 to predict its 
distortions after the part is relieved completely. Conclusion 
and future works are summarized in Section 4. 
2. Method for mapping micro-scale residual stresses into 
axisymmetric FE models 
Computational time of orthogonal cutting simulation in 
ABAQUS/EXPLICIT is very time-consuming, from 8 hours 
with rough meshes to several days with refined meshes [12]. 
However, when the workpiece model is of millimeter level, 
the cutting time is generally several microseconds. After the 
cutting simulation entered the steady stage, output results 
became periodically fluctuating. Therefore, it is unnecessary 
to model the cutting of the entire part. An appropriate way is 
to transform the residual stress results from the cutting model 
or experimental measurements to the surface layers of the FE 
part models. The residual stress profiles can be written 
with .inp files in ABAQUS as initial conditions. Exact stress 
components are assigned to each element according to the 
element’s location and direction below the surface. 
Step1: Model established in ABAQUS/CAE
xStatic analysis pre-processing except initial conditions
xSets of surface layers and partition lines
Step2: Datum matrix extracted from inp files
xNodes and elements datum of the whole model
xSets established in the previous step
Step3: Computation in MATLAB
xDatum structure: depth and direction   
xTransformation of coordinate system
xStress tensor calculation 
 Step4: Modification of inp files and submission
  
Fig. 1. Sketch of the main methodology. 
Figure 1 shows the sketch of the main methodology, which 
is also used by Afazov [9]. However, initial stress datum is 
calculated in MATLAB in this work and simplified 
computation is achieved due to a pretreatment for the specific 
part in ABAQUS/CAE. Details of the method are discussed in 
the following subsection. 
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2.1. Preprocessing in ABAQUS/CAE 
An axisymmetric model is established in ABAQUS/CAE 
(shown in Figure 1, step 1). The axisymmetric model is a 
plain strain model based on the assumption of zero strain 
among the tangential direction. This simplified model has 
much fewer but thinner elements with higher accuracy 
compared to the 3-dimensional model with millions of 
elements. This model also shows efficiency in the sequent 
calculations in MATLAB environment, which will be 
discussed later. A complete operation of static analysis 
preprocessing except for initial conditions is carried out in 
CAE interface. The static analysis composed of three steps: 
firstly, the initial step, where initial stresses and boundaries 
representing the fixtures are added; Secondly, the equilibrium 
step, where the initial stresses and the boundaries adapt to 
equilibrium. The residual stress redistribute for the first time. 
The model is relaxed in the third step, where the previous 
boundary conditions are removed. Instead, several nodes are 
fixed in order to eliminate rigid body motion [7].  The stresses 
on the surfaces redistribute again.  
The model is partitioned into several parts, composed of 
surface layers and inside basis. A fine mesh density is defined 
at the surface layers. In order to simplify the computations in 
MATLAB environment, several sets and surface sets are 
specially established. Sets consist of nodes and elements in 
the surface layers and nodes at the partition lines are 
established respectively. The partition lines are chosen as 
surface sets, which contain marks of elements closest to one 
side of the partition lines. 
All of them are extracted as column vectors from the 
ABAQUS .inp files (Figure 1, step 2). Apart from these sets, 
sets containing nodes and elements of the entire model are 
extracted as arrays. 
2.2. Determination of stress components 
The extracted datum is transferred to MATLAB (the third 
step in Figure 1) to calculate stress components of every 
element at the surface layers according to its depth below the 
surface and its direction. The main purpose of the MATLAB 
codes is to ascertain the geometrical relationship of nodes, 
elements and partition lines, and assign exact stress tensor to 
each element according to the geometrical relationship.  
2.2.1. Geometrical relationship of the datum 
 
Firstly, the surface sets composed of the partition lines are 
regarded as reference to determine depth and direction of 
every node at the surface layers. However, partition lines 
should be defined as segments of nodes, while the surface sets 
contain marks of elements on one side of the partition lines. 
Each planar element has three or four nodes. Two of them at 
the partition lines are chosen as a pair to replace the element. 
Every test node (integration points included) at the surface 
layers should be ascertained to which pair of nodes on the 
partition lines is the nearest, and the direction of the node 
needs to be determined. Distances of the test nodes to every 
pair of points on the partition lines are calculated and sum of 
the squares of the two distances is computed to obtain the 
nearest pair. Then distances between the test nodes and the 
segment composed of the nearest pair of nodes are calculated.  
The normal vector of the segment is attached to the test node 
as the direction of the local coordinate. Due to the sets 
established in ABAQUS/CAE, there’s no need to judge the 
distance criterion or line criterion [9], which makes it more 
efficient for a specific part. 
2.2.2. Coordinate transformation   
 
What causes for special attention is that the residual stress 
profiles given either from simulations or experiments are in 
the local or tool coordinate system while the axisymmetric 
model is located in the global coordinate system, which is r-
Tz coordinate system. Therefore, transformation matrices are 
utilized to convert the datum to the global coordinate. Similar 
with that in [9], a rotation matrix T is used, where n is the 
normal vector of the local surface, D is the intersection angle 
between the normal vector and the r axis of the global 
coordinate system. 
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0 cos sin
0 sin cos
T
ª º« » « »« »¬ ¼
D D
D D
                             (1) 
where 
2
cos
sin 1 cos
n ½°¾  °¿
D
D D
                             (2) 
Stress tensor is shown in (3), where feedV  refers to the 
stress component in the feeding direction and cuttingV refers to 
the cutting direction, while the stress components of the depth 
direction and shear stresses are ignored. 
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                                 (3) 
Integration operation of stress tensors on the nodes belong 
to every element is computed. Then the result files composed 
of every element and its relative stress tensor are regarded as 
an input file defined in the initial condition.  Finally the 
refined .inp file is submitted. 
3. Case study: a dual-disc  
The proposed method is performed to a typical thin-walled 
dual-disc, which is shown in Figure 2. Tolerances of this part 
are on the order of micrometre magnitude. In the actual 
turning process, distortion instabilities of this finished part 
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occur frequently, which proposes a demand to investigate the 
effect of turning-induced residual stresses on distortion.   
The part consists of three parts: a thick cylindrical shell 
and two thin-walled discs, named as disc-1 and disc-2 in 
Figure 3. Millimetre-tonne-MPa is chosen as the system of 
units in ABAQUS. The thinnest thickness of the discs is 1.5 
mm. For this low rigidity part, the distortions are much more 
serious, compared to the cylindrical shell with higher stiffness. 
The material is annealed AISI 4340, whose material 
properties are shown in Table 1.  
Table 1. Properties of  Annealed AISI 4340 Material. 
Properties AISI 4340 steel 
Expansion(um/m oC) 1.23 
Density(g/cm3) 7.85 
Poisson ratio 0.22 
Young’s modulus (GPa) 208 
 
 
 
 Fig. 2. (a) Model of the dual-disc part ; (b) Axisymmetric FE mesh 
 
Fig. 3. Surface division. 
Finishing turning process of the dual-disc includes three 
cutting surfaces: surf-1, the outward surface of disc-1; surf-2, 
the outward surface of disc-2; surf-3, the surface between two 
of the discs. The cutting surfaces are shown as red lines in 
Figure 3. Each of the surfaces is machined in a single set-up 
respectively. The model is partitioned into several parts: 
internal basis and surface layers with a homogeneous 
thickness of 0.5 millimeter. To obtain refined mesh in the 
surface layers, seed distance on the machined surfaces is 
0.01mm, while seed distance on the partition lines is 0.05mm. 
To verify the feasibility of this method, two residual stress 
profiles  as shown in Figure 4, which are obtained by turning 
experiments of AISI 4340 [13, 14] are used, without 
considering the influence of complicate cutting parameters on 
the distribution and magnitude of residual stresses.  
Two stages of simulation tests are carried out. In section3.1, 
the residual stress profiles are mapped on only one of the 
cutting surfaces, to study the basic impact of the residual 
stress profiles on the distortions of the discs. In section 3.2, 
diverse combinations of stress distributions mapped on all of 
the cutting surfaces simultaneously are performed to discuss 
the effect of complicated stress distributions on the distortions 
of the entire part. 
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Fig. 4. Residual stress profiles [13, 14]. 
3.1. Single process 
Two of the residual stress profiles are individually added to 
each one of the cutting surfaces. A comparison of maximum 
distortion and distortion direction is shown in Table 2. Several 
Results are shown in Figure 5, where magnitude means the 
resultant distortion. Residual stresses of distribution ĉ are all 
compressive on the surface and the subsurface, while stresses 
of distribution Ċ are tensile on the surface and compressive 
at the subsurface layer, but tensile as a whole considering 
counteraction. Magnitude of distribution Ċ is greater than 
that of distribution ĉ, almost one order of magnitude. 
Distortions after residual stress distribution are on the 
opposite direction, namely, compression is corresponding to 
tensile stress distribution, while stretch is corresponding to 
compressive stress distribution. Accordingly these two kinds 
of residual stresses lead to opposite distortion, for instance, 
distribution ĉ on surf-1 leads to an outward buckling of disc-
1 while distribution Ċ leads to an inward buckling. The 
results basically conform to the mechanism of distortion and 
residual distribution, which proves the feasibility of this 
method. 
Maximum distortions mapped with distribution ĉ are on 
the order of micrometre, while those with distribution Ċ are 
one order greater, which approximately conforms to linear 
relation with the stress magnitude. However, distortion of 
surf-1 is less when mapped with distribution Ċ. Reasonable 
a b 
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m
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explanation is that magnitudes of distortion are not only 
influenced by counteraction and redistribution of residual 
stress, but also by the specific shape of the surface.  These 
results suggest that distortion simulation for a specific part is 
necessary because distortion varies obviously with different 
residual stress distributions and specific shape of the parts. 
  
Fig. 5. (a)  Distribution I on surf-3. (b) Distribution II on surf-3. 
Table 2. Distortions of discs added with residual stresses on single surface. 
surface 
Residual stress 
distribution 
Maximum 
distortion/mm 
Distortion 
direction 
surf-1 
ĉ 8.125E-3 inward buckling 
Ċ 6.251E-3 outward buckling 
surf-2 
ĉ 9.819E-3 inward buckling 
Ċ 1.773E-2 outward buckling 
surf-3 
ĉ 8.659E-3 outward buckling 
Ċ 1.666E-2 inward buckling 
3.2. Final distortions under multiple turning operations 
It is noted that the FE model doesn’t take metallographic 
structures into account, which will be complicated after 
forming and machining process. In actual working conditions, 
lattice energies balance with residual stresses. Residual 
stresses will redistribute until natural or artificial aging, while 
in FE models the residual stresses will redistribute directly. 
Hence, turning-induced residual stress in one cutting 
process might not be completely eliminated during the next 
cutting process.  In the present work, influences of subsequent 
layout and turning process on the residual stress distribution 
caused by previous cutting process are ignored. All of the 
residual stresses induced by sequent turning process are 
retained in the final part in order to investigate the basic effect 
of multi-surface residual stress distributions on part distortion. 
We use the same residual stress profiles shown in Figure 4. 
All of the possible combinations are shown in Table 3. One 
group of distortion cloud pictures are shown in Figure 6.  
Compared with results shown in section 3.1, distortions 
approximately conform to linear superposition principles. We 
can see from all of the simulations that distortions of this 
dual-disc part mainly locate in the thin-walled discs, while 
distortions of the cylindrical shell with higher rigidity could 
be ignored.  
  
Fig. 6. (a) test-1. (b) test-2. 
We find that when opposite surfaces of a disc are added 
with the same residual stress distributions (test-1 and test-8), 
distortion of the disc is less than that with other combinations 
of different residual stress distributions. The greatest 
distinction is more than 10 times (test-1 and test-2). These 
results of diverse combinations indicate that complicated 
residual stress distributions will cause great effects on 
distortions. In order to achieve distortions of micrometre 
magnitude, proper cutting parameters should be performed.  
It should be noted that residual stress profiles selected in 
the present work are under diverse cutting conditions. In the 
future work, detailed stress profiles should be given from 
actual cutting process of the specific part to predict distortion 
more accurately and provide valuable guidance on the 
selection of cutting parameters. 
Table 3. Distortions of discs added with residual stresses on three surfaces. 
Surface 
Residual stress 
distribution 
Maximum 
distortion/mm 
buckling direction 
surf-1 surf-2 surf-3 disc-1 disc-2 
test-1 ĉ ĉ ĉ 1.75E-3 inward inward  
test-2 ĉ ĉ Ċ 2.65E-2 inward inward 
test-3 ĉ Ċ ĉ 2.63E-2 inward  outward 
test-4 ĉ Ċ Ċ 2.17E-2 inward  inward 
test-5 Ċ ĉ ĉ 1.27E-2 outward  inward 
test-6 Ċ ĉ Ċ 2.65E-2 inward  inward 
test-7 Ċ Ċ ĉ 2.63E-2 outward  outward 
test-8 Ċ Ċ Ċ 7.30E-3 inward  inward 
4. Conclusion 
Residual stresses in the machining of thin-walled parts can 
cause serious distortions. Since finite element cutting models 
for the entire parts are time-consuming and redundant, a 
method to map residual stress profiles obtained by experiment 
measurements or cutting models to the cutting surfaces of the 
FE part model is proposed in this paper.  This method focuses 
on determination of depth and direction of the nodes at the 
surface, to investigate workpiece distortions with complicated 
surfaces, using coordinate transformation. 
b a 
b a 
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 As a case, an axisymmetric model of a dual-disc by 
turning process is performed.  Typical residual stress profiles 
are added to the surfaces of the model. Simulation results 
conform to the basic distortion magnitudes and linear 
superposition principles, which shows that this method is 
feasible. The results also imply that, in order to achieve 
micrometre order of magnitude, proper cutting parameters 
should be performed.  
Because the residual stress profiles used in this work are 
not given from actual cutting process of this specific part, our 
future work is to map detailed residual stress profiles to the 
part to accurately predict distortion and provide valuable 
guidance on the optimization of cutting parameters. 
Furthermore, except for turning-induced residual stresses, 
complicated stresses caused by forming, heat treatment and 
machining processes will be also investigated. 
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